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Introduction
Spinocerebellar ataxia type 3 (SCA3), also referred to as Machado-Joseph disease, is an autosomal dominant neurodegenerative disorder (do Carmo Costa and Paulson, 2012) .
Progressive ataxia, external ophthalmoplegia, dysarthria, dysphagia, pyramidal signs, dystonia, and rigidity are common clinical features of SCA3 (do Carmo Costa and Paulson, 2012) , and some patients also manifest extracerebellar pathologies, such as spinal cord affections, peripheral polyneuropathy and basal ganglia disease (Pedroso et al., 2013) . The cerebellum is one of the well-known regions mainly affected in SCA3 patients. Especially, cerebellar nuclei are primarily affected at the beginning of the disease. Many neuropathology studies (Durr et al., 1996; Koeppen, 2005; Scherzed et al., 2012; Takiyama et al., 1994) have reported atrophy or neuronal loss in the cerebellar cortex, vermis, peduncles, and deep nuclei.
Structural or functional degeneration of the cerebellum can be observed by different neuroimaging approaches including magnetic resonance imaging (MRI) volumetry (Eichler et al., 2011; Klockgether et al., 1998b; Reetz et al., 2013; Schulz et al., 2010; Stefanescu et al., 2015) , diffusion tensor imaging (DTI) (Guimaraes et al., 2013) , magnetic resonance spectroscopy (MRS) (Adanyeguh et al., 2015; Lirng et al., 2012; Wang et al., 2012) , and position emission tomography (Wang et al., 2007) .
Some studies have reported that SCA3 may be caused by abnormal CAG repeat expansion in the coding region of chromosome 14q32.1 (Kawaguchi et al., 1994; Takiyama et al., 1994) . The CAG repeat length substantially affects the clinical characteristics of SCA3
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patients (do Carmo Costa and Paulson, 2012) . For example, in healthy subjects, the CAG repeat length in the gene should be shorter than 44; a CAG repeat length longer than 60 may lead to the manifestation of clinical symptoms in SCA3 patients (do Carmo Costa and Paulson, 2012) . Moreover, SCA3 patients with a longer CAG repeat length may exhibit more rapid progression through disease stages (Klockgether et al., 1998a) . The CAG repeat length is also negatively correlated with the age of onset (AO) of SCA3 patients (Durr et al., 1996; Maciel et al., 1995) . Therefore, SCA3 patients with a longer CAG repeat length are considered to possibly exhibit more rapid disease progression, subsequently leading to earlier disease onset. A more rapid disease progression can partly, if not wholly, be ascribed to more rapid cerebellar degeneration, because the cerebellum is the major disease-involved region in SCA3. To date, it has been speculated that there is a correlation between the CAG repeat length and the cerebellar degeneration of SCA3 patients. However, reports with positive and negative evidence make the inference inconclusive (D'Abreu et al., 2012; Eichler et al., 2011; Klockgether et al., 1998b; Onodera et al., 1998; Reetz et al., 2013; Schulz et al., 2010; Stefanescu et al., 2015) .
This study comprehensively investigated the mechanisms by which the CAG repeat length influences the cerebellar degeneration of SCA3 patients from 3 different perspectives, namely cerebellar function, cerebellar structure, and cerebellar structural network based on MRS and MRI. The N-acetylaspartate (NAA) concentration is considered an indicator of neuronal integrity (Bachelard and Badar-Goffer, 1993) . Therefore, the NAA concentration
measured by MRS can serve as a functional probe for cerebellar dysfunction. Our previous study has reported that the ratios of NAA to creatine (Cr) in the right cerebellum (Rt-Cb-NAA), left cerebellum (Lt-Cb-NAA), and vermis (V-NAA) were significantly lower in SCA3 patients than in controls, and these ratios were closely correlated with the score of Scale for the assessment and rating of ataxia (SARA) (Schmitz-Hübsch et al., 2006) . In contrast to the NAA measurement, the three-dimensional fractal dimension (3D-FD) method is an efficient quantifier for cortical folding complexity assessment, and 3D-FD is effective for studying the morphological change in the cortical structure caused by various neurological disorders based on MRI images (Ha et al., 2005; King et al., 2010; Sandu et al., 2008; Thompson et al., 2005) . Our previous studies have applied this method to detect brain atrophy in multiple system atrophy of the cerebellar type (Wu et al., 2010) and SCA3 (Wang et al., 2015) .
Complementary to measuring the impairment of the cerebellar function and structure based on the NAA and 3D-FD, graphic-based brain network analysis can be used to analyse the destruction or reorganisation of brain networks caused by neurological diseases (Braun et al., 2009; Rubinov and Sporns, 2010) . The brain network is constructed by a collection of nodes and links, in which the nodes represent brain regions and the links represent connections between paired brain regions. These connections can be structural, functional, or effective depending on the type of data set (Friston, 1994) . Recently, many studies (Alexander-Bloch et al., 2013; Evans, 2013) have investigated brain networks constructed M A N U S C R I P T
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based on the structural covariance between brain regions across a group of subjects. Such structural covariance networks showed similarity with the results of DTI tractography (Gong et al., 2012; Lerch et al., 2006) and functional MRI (fMRI) (Wang et al., 2014) . These results provided the motivational basis for us to use the morphometric index of 3D-FD to establish the structural brain network of SCA3 patients.
In this study, we hypothesised that the CAG repeat length is correlated with the change of cerebellar function and structure in SCA3. We used NAA/Cr ratios and 3D-FD values to investigate the influence of the CAG repeat length on the cerebellar function and structure of SCA3 patients. Furthermore, graphic-based brain network analysis was performed to determine whether the CAG repeat length affects the network between the cerebellum and other brain regions.
Materials and Methods

Patients and controls
This study was approved by the Institutional Review Board of Taipei Veterans General Hospital, Taipei, Taiwan and carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). Informed consent was obtained from each participant before commencement of this study. Forty SCA3 patients were recruited for this study. Another 80 age-and sex-matched healthy subjects (40 for the MRS study and 40 for the MRI study) were recruited as the control groups. All SCA3 patients were evaluated by A C C E P T E D M A N U S C R I P T
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SARA. SARA score (Schmitz-Hübsch et al., 2006) , which was a rating of the severity of ataxia symptoms ranging from 0 to 40, was used as a reference to indicate the progression of clinical severity in comparison with the cerebellar degeneration. A self-reported AO was acquired from each patient. The AO was defined as the age at which the patients showed the first sign of any ataxic symptom (Jardim et al., 2001) . Disease duration was calculated accordingly. Hereafter, capitalised Age and Duration represent the participants' age at the date of examination and the corresponding disease duration (Duration is only available for the SCA3 patients), respectively. The CAG repeat length of each SCA3 patient was determined by polymerase chain reaction, as described previously (Soong et al., 2001 ).
Disease duration-adjusted SARA scores (SARA/Duration) of the SCA3 patients were computed. To explore the possible nonlinear nature of the disease progression pattern of SCA3, we divided the SCA3 patients into two subgroups according to a CAG repeat length threshold of 74 (≥74 and <74). This criterion is based on the mean CAG repeat length (73.2 ± 4.0) of the SCA3 patients, and it can generate more balanced sample sizes (22 vs 18) for the two subgroups. We confirmed that the control groups did not exhibit any central nervous disease or neurological abnormalities before or during the study period. In addition, the T1-and T2-weighted images of the control groups were examined to ensure the absence of latent neurological diseases or unexpected abnormalities.
Image acquisition
Brain MRI and MRS images were obtained using a 1.5-T system (Signa EXCITE, GE A C C E P T E D M A N U S C R I P T
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Medical Systems, Milwaukee, WI, USA). The MRI protocol involved an axial, T1-weighted, voxel size = 2 cm × 2 cm × 2 cm) in the regions of the bilateral cerebellar hemispheres and the cerebellar vermis of subjects. For each subject, the selection of the voxel of interest (VOI) was performed by the same investigator to ensure consistent placement. The locations of these VOIs were confirmed to be accurate by 2 other investigators by overlaying the 3-dimensional maps on the corresponding T2-weighted images. The precise locations of VOIs were described in our previous study . The NAA and Cr measurements were derived by software implemented in MRI equipment. Care was taken to avoid the inclusion of cerebrospinal fluid-filled spaces within the VOIs. Peak areas for NAA at 2.02 parts per million (ppm) and creatine (Cr) at 3.03 ppm were calculated using FuncTool software (GE Healthcare, Milwaukee, WI, USA). Peak integral values were expressed relative to the Cr peak. Three NAA/Cr ratios, namely Rt-Cb-NAA, Lt-Cb-NAA, and V-NAA, were calculated. To ensure high-quality images, MRS results with a full width at half maxima >6 Hz were disqualified from the MRS analysis. According to this criterion, the A C C E P T E D M A N U S C R I P T
value of Rt-Cb-NAA in one subject, those of Lt-Cb-NAA in 2 subjects, and those of V-NAA in 3 subjects were removed. Two values of V-NAA in the controls were also unavailable. In this study, we adopted the 3D box-counting method to calculate the 3D-FD values of the 97 labelled brain regions for each subject. The box-counting algorithm has been explained in our previous study (Wu et al., 2010) .
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Brain network analysis
To investigate whether different CAG repeat lengths cause a difference in the brain network of SCA3 patients, the patients whose disease duration is not ≤5 years were excluded in each SCA3 subgroup for the following brain network analysis. This criterion of disease duration ≤5 years was selected to minimise the effect of disease duration, to ensure that the data were representative of the network status close to the AO. Moreover, the criterion ensured an adequate number of subjects in each SCA3 subgroup as required for the brain network analysis. After the exclusion of SCA3 patients who did not meet the criterion, 8 and 7 subjects were included in the subgroups with CAG < 74 and CAG ≥ 74, respectively.
Accordingly, 2 new control groups age-and sex-matched to their corresponding SCA3 counterparts were formed, and they were denoted by Control I and Control II. No healthy subject was repeatedly selected into the 2 control groups.
After obtaining the 3D-FD values of 97 brain regions, we computed the region-to-region correlations based on the derived 3D-FD values and formed a 97 × 97 correlation matrix for each group. Subsequently, the values in the correlation matrix with a p-value of <0.05 were set to 1, and the remaining values in other entries were set to 0. This binarised correlation matrix is called an adjacency matrix in graph theory, in which 1 implies the presence of a link between 2 corresponding brain regions (nodes) and 0 implies the absence of a link.
Subsequently, diagrams were created to illustrate the architecture of the cerebellar networks on a glass brain template.
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Statistical analyses
All data are expressed as mean ± standard deviation ( xs  ). Outliers of NAA/Cr ratios and 3D-FD values outside the range of mean ± 2 × standard deviation were removed in the subsequent analysis. Parameters between the patients and controls, between the two patients subgroups, and between the patients subgroups and controls were all compared using the 2-sample t test. The sex ratios were compared using the Pearson chi-squared test. The
Pearson correlation and a scatter plot ( subgroups were tested using a linear regression model. 
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SCA3 patients with longer CAG repeat length demonstrated earlier disease onset
Overall, the data of the recruited SCA3 patients revealed a negative correlation between the CAG repeat length and AO (ρ = −0.709, p < 0.001). The scatter plot of CAG repeat length versus AO was displayed in Figure 2 . Figure 2 . Graph of CAG repeat length versus onset age (AO).
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CAG repeat length was not correlated with SARA score/Duration
The result showed that the CAG repeat length was not correlated with SARA score/Duration (ρ = −0.059, p = 0.720). No difference was observed in SARA score/Duration between the SCA3 subgroup with CAG < 74 and the subgroup with CAG ≥ 74 (2.3 ± 1.4 vs 2.1 ± 1.3, p = 0.634) ( Table 1) .
3.4 CAG repeat length was not a significant determinant of SARA score, NAA/Cr ratios,
and 3D-FD values
The results of multivariate linear regression are summarised in Table 2 . The values in Table 2 represent the estimated coefficient of the predictors. The results showed that Duration was significantly correlated with SARA score and all 3 cerebellar NAA/Cr ratios.
However, Duration was not correlated with any 3D-FD value. Besides, AO and the CAG repeat length were not correlated with SARA score, NAA/Cr ratios and 3D-FD values. Similarly, analysing the SCA3 subgroups separately revealed that the CAG repeat length was not a significant determinant of SARA score, any NAA/Cr ratio or 3D-FD value. The regression results for the two SCA3 subgroups are presented in the Supplementary Material.
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No difference in slopes of SARA score, NAA/Cr ratios, and 3D-FD values versus Duration between the two SCA3 subgroups
Scatter plots of the SARA score, NAA/Cr ratios, and 3D-FD values versus Duration are displayed in Figures 3, 4 , and 5, respectively. In these plots, stars represent the SCA3 patients with CAG < 74 and circles represent the SCA3 patients with CAG ≥ 74. Instead of
Predictors (X i ) Dependent variables (Y)
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drawing individual slopes for each SCA3 subgroup, we drew only the common slope of the 2 subgroups to accentuate the fact that no significant difference was observed in the degeneration rate of these parameters versus Duration.
The scatter plot of the SARA score versus Duration is shown in Figure 3 
Network dissociation was found in the SCA3 subgroup with CAG ≥ 74
The demographic and clinical data used in the network analysis are presented in Table 3 .
The SCA3 subgroups with CAG < 74 and CAG ≥ 74 comprised 8 subjects (M/F = 5/3) and 7 subjects (M/F = 6/1), respectively. A significant difference was observed in Age (50.5 ± 10.6 vs 32.4 ± 5.9, p < 0.001), the AO (48.1 ± 11.2 vs 28.7 ± 5.9, p < 0.01), and the CAG repeat
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length (69.0 ± 3.0 vs 76.0 ± 2.4, p < 0.001) between the SCA3 subgroups. By contrast, no significant difference was observed in Duration (2.4 ± 1.2 vs 3.7 ± 1.3, p = 0.051), SARA score (6.9 ± 3.8 vs 9.6 ± 7.8, p = 0.396), and SARA score/Duration (3.2 ± 1.7 vs 2.6 ± 1.8, p = 0.533) between the two SCA3 subgroups.
The numbers of total links in the structural covariance networks were 444 in Control I, The links are colour coded depending on which corresponding nodes (frontal, parietal, temporal, etc.) are connected to the cerebellar nodes (refer to the figure caption for details). No significant difference was observed between the SCA3 subgroups and their corresponding control groups. **p < 0.01, ***p < 0.001 represent the significant difference between the two SCA3 subgroups. † † †p < 0.001 represents the significant difference between the two control groups. a chi-squared test
The cerebellar networks in Controls I and II displayed many links between the cerebellar nodes and the nodes in the frontal (red), parietal (green), temporal (yellow), occipital (blue), and other regions ( Fig. 6 (a) and (b) ). Specifically considering the parietal-occipital lobes (green-blue) revealed that of the 28 parietal-occipital regions in 116 regions of the AAL atlas, 11 regions (approximately 39.3%) in Control I and 14 regions (approximately 50.0%) in
Control II were connected to the cerebellar regions ( Fig. 6 (a) and (b) ). A similar connection pattern was observed in the SCA3 subgroup with CAG < 74, in which 6 (6/28, approximately 21.4%) parietal-occipital regions were connected to the cerebellar regions ( Fig. 6 (c) ). However, a marked dissociation of the brain network between the parietal-occipital regions and cerebellar regions was found for the subgroup with CAG ≥ 74, in which only 2 (2/28, approximately 7.1%) parietal-occipital regions were connected to the cerebellar regions ( Fig. 6 (d) ).
controls. These results indicate that SCA3 affects not only the patients' cerebellar function but also the structure of the cerebellar cortex, and they are consistent with the findings in previous reports based on cerebellar NAA measurements (Adanyeguh et al., 2015; , MRI volumetry (Stefanescu et al., 2015) and fMRI (Stefanescu et al., 2015) .
Moreover, our study findings demonstrate that NAA/Cr and 3D-FD measurements can successfully detect disease involvement in the cerebellar regions.
CAG repeat length is not correlated with SARA score and SARA score/Duration
SARA score was found to be insignificantly correlated with the CAG repeat length of SCA3 patients in this study. A similar result is reported in longitudinal cohort studies (Jacobi et al., 2011; Jacobi et al., 2015) . Additionally, SARA score/Duration represents the progression rate of the severity of clinical symptoms. In this study, SARA score/Duration was not correlated with the CAG repeat length of SCA3 patients. Moreover, the average SARA score/Duration values were not different between the SCA3 subgroup with CAG < 74
and that with CAG ≥ 74. This finding is consistent with those in previous reports that have shown that the duration-adjusted International Cooperative Ataxia Rating Scale (ICARS) score (França et al., 2009 ) and duration-adjusted SARA score (Zhou et al., 2011) were not correlated with the CAG repeat length in SCA3 patients.
These results seem contradictory to those of Klockgether et al., who suggested that a longer CAG repeat length could result in more rapid disease progression in SCA3 patients
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CAG repeat length does not significantly affect cerebellar degeneration rate
In this study, we hypothesised that the CAG repeat length may accelerate damage to the cerebellar regions of SCA3 patients. However, our results do not support this hypothesis. 
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N-acetylaspartylglutamate in the cerebellar vermis based on a MRS study (Adanyeguh et al., 2015) . In regard to the MRI studies, by using the measure of normalised volume, Klockgether et al. first reported no correlation between the CAG repeat length and the atrophy of cerebellar regions in 11 SCA3 patients (Klockgether et al., 1998b) . Subsequently, the same results were found for a higher number of recruited patients (Eichler et al., 2011; Schulz et al., 2010) and in a longitudinal study (Reetz et al., 2013) . Recently, a study based on a 7-T MRI modality demonstrated that the CAG repeat length was not correlated with the atrophy of the cerebellar cortex or dentate nuclei (Stefanescu et al., 2015) . In addition to those neuroimaging reports, a pathoanatomy study also demonstrated that the CAG repeat length was not correlated with the atrophy of the four deep cerebellar nuclei (fastigial nucleus, globose nucleus, emboliform nucleus and dentate nucleus) (Scherzed et al., 2012) .
The lack of correlative relationship between the CAG repeat length and the cerebellar degeneration rate is unexpected. So far, the underlying mechanism about how CAG repeat length and other factors control neurodegeneration in SCA3 is unclear. Some studies reported that SCA3 patients could have extracerebellar involvements (Rüb et al., 2008; Rezende et al., 2015; Yamada et al., 2004) . Other studies found the degeneration of cerebral regions, basal ganglia, brain stem, spinal cord and white matter in SCA3 is also correlated with SARA score or ICARS score (D'Abreu et al., 2012; Fahl et al., 2015; Kang et al., 2014; Rezende et al., 2015; Schulz et al., 2010) . These results indicate that not only the atrophy of cerebellum but also the degeneration of any brain region in the central nervous loop that
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modulates motor function may arise in ataxia symptoms (Rüb et al., 2008; Schmahmann and Pandya, 2008) . Taken together, it is inferred that the earlier onset of ataxia symptoms in the SCA3 patients with a longer CAG repeat length may not be attributed to the more rapid cerebellar degeneration alone. It motivated us to explore whether the SCA3 patients with a longer CAG repeat length may have a different structural covariance network in comparison with those with a shorter CAG repeat length.
SCA3 patients with longer CAG repeat lengths display dissociation of structural covariance networks between the parietal-occipital lobes and the cerebellum
Our results show that the number of total links in the network and the number of links between the parietal-occipital nodes and the cerebellum were slightly different between Control I and Control II, even though the average age of Control I (50.3 ± 7.9 years) was much higher than that of Control II (32.7 ± 7.6 years). This finding suggests that age does not cause a major difference in the representation of the structural covariance network.
However, among the 4 groups, the SCA3 subgroup with CAG ≥ 74 exhibited the fewest total links in the network and the fewest links with the cerebellar regions. Moreover, a disconnection of networks between the parietal-occipital and the cerebellar regions was observed in the SCA3 subgroup with CAG ≥ 74 (mean age = 32.4 ± 5.9 years); by contrast, the disconnection was only mild in the subgroup with CAG < 74 (mean age = 50.5 ± 10.6 years), even though these groups did not exhibit differences in Duration, SARA score, and
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SARA score/Duration. This result indicates that the SCA3 subgroup with CAG ≥ 74 exhibited dissociated structural covariance networks.
Caution should be exercised when interpreting the results of structural networks constructed according to morphological covariance (e.g., tissue volume, cortical thickness, surface area, concentration, and 3D-FD). The structural covariance may arise from genetic influence, normal development, ageing, mutual trophic influences, or experience-related plasticity (Alexander-Bloch et al., 2013; Evans, 2013) . In this study, we did not regress out However, SCA3 patients are reported to exhibit widespread disease involvement throughout the brain including parietal-occipital regions (D'Abreu et al., 2012; Rezende et al., 2015; Wang et al., 2015; Yamada et al., 2004) . A longer CAG repeat length may result in unbalanced atrophy on the cortex of the parietal-occipital and cerebellar lobes across SCA3
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patients, causing the disruption of the structural covariance between parietal-occipital lobes and the cerebellum.
Previous studies have identified changes in the brain network in other genotypes of SCAs caused by mutated CAG expansion. The alteration of the brain network is found to be associated with disease severity and disease duration in SCA1 (Solodkin et al., 2011) , cognitive and motor performance (Hernandez -Castillo et al., 2015) and onset of parkinsonism in SCA2 (Wu et al., 2013) , visual task performance in SCA6 (Falcon et al., 2015) and CAG repeat length in SCA7 (Hernandez-Castillo et al., 2013) . These studies, although mostly based on fMRI, suggest that brain network alteration is associated with clinical variables such as the CAG repeat length, disease severity, disease duration, and task performance in SCAs. The current study is the first to adopt the concept of structural covariance networks to investigate SCAs, and the results demonstrate that the CAG repeat length may affect the cerebellar structural network architecture of SCA3 patients. Taken
together, these results demonstrate that these SCAs may be related to 'disconnection syndrome' (Schmahmann and Pandya, 2008) .
Study limitations
This study has several limitations. First, only the cortical atrophy of grey matter was measured by the 3D-FD method in this study. Cerebellar white matter, cerebellar peduncles, and cerebellar deep nuclei, such as dentate nucleus, are not within the scope of this study.
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This is because the hardware limitation of the imaging modality and the pulse sequence limit the ability to clearly delineate the contours of deep nuclei. Moreover, an automated method to segment these structures is lacking. Second, the sample sizes of the groups included in the brain network analysis might not be sufficient. Third, cross-sectional data of the SCA3 patients were used in this study, and the data were collected after AO, with varied disease duration. Hence, a longitudinal study involving the collection of data before, after, and at the disease onset should be conducted. Lastly, in this study, we divided the SCA3 patients into two subgroups according to a CAG repeat length threshold of 74 (≥74 and <74) to generate two subgroups with balanced sample sizes (22 vs 18). However, different threshold choice might lead to different findings.
Conclusions
This study demonstrates that the function and cortical structure of the cerebellum of SCA3 patients are impaired by the disease, which can be detected by MRS NAA/Cr and MRI 3D-FD measures. Nevertheless, we could not find any evidence to support that the CAG repeat length exerts a significant impact on the decline rate of cerebellar function and the atrophy rate of the cerebellar cortex based on NAA/Cr ratios and 3D-FD values. In addition, no correlation was found between the CAG repeat length and SARA score, and between the CAG repeat length and SARA score/Duration in this study. However, a dissociation of the structural covariance network was noted in the SCA3 subgroup with a CAG repeat length ≥74, but not in the subgroup with a CAG repeat length <74. These results
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suggest that a longer CAG repeat length is not associated with more rapid degeneration of the SARA score or cerebellar function and structure. Nevertheless, a longer CAG repeat length is associated with the disruption of the morphological covariance between paired brain regions. An expansive quantitative network analysis is required to verify this finding in the future.
